The three-dimensional biogeochemical model ECOHAM was applied to the Northwest European Shelf (47141 0 -63153 0 N, 1515 0 W-13155 0 E) for the years 1993-1996. Nitrogen budgets were calculated for the years 1995 and 1996 for the inner shelf region, the North Sea (511,725 km 2 ). Simulated temperatures as well as nitrate, oxygen, and chlorophyll concentrations are compared with observations.
Introduction
Continental shelves play a key role in the global cycling of biogeochemically essential elements. From observations in the East China Sea, Tsunogai et al. (1999) speculated that the global shelves act as a sink for atmospheric carbon dioxide and as a source of carbon for the ocean. Whereas the pathways of carbon onto and out of the East China Sea has been discussed (Chen, 2005) , the process of ''nitrogen onwelling'' has been established as a general mechanism that transports nitrogen from the deep ocean onto the shelves. Galloway et al. (1996) compiled a North Atlantic-wide nitrogen budget in which the shelves were explicitly resolved. According to this study, the shelves take up 600 Gmol N yr À1 from land and more than 800 Gmol N yr
À1 from the open ocean. This material (1400 Gmol N yr À1 ) is released into the atmosphere as molecular nitrogen by denitrification.
The North Sea, as part of the Northwest-European shelf, has been characterized as a sink for atmospheric CO 2 (Thomas et al., 2005) . However, it remains unclear whether the North Sea acts as a source or a sink of nitrogen for the adjacent North Atlantic waters. Investigations focusing on North Sea nitrogen or other macronutrients like phosphorus have a long tradition (van Bennekom et al., 1975;  Weichart, 1986; Radach et al., 1990) . The main focus of these studies was eutrophication, i.e. the increased level of nutrients due to human activities, and the consequences for the marine ecosystem, especially in coastal waters (Jickells, 1998) . Whereas phosphorus concentrations in the marine environment of the Northwest European Shelf peaked in the early 1980s of the 20th century and declined drastically afterwards , a concomitant reduction in nitrogen inputs via rivers (Radach and Pa¨tsch, 2007) , from diffusive sources, and via the atmosphere was not observed. Denitrification and burial are the possible internal sinks of nitrogen in such an environment. For the North Sea, the burial of organic carbon was estimated at less than 1% of the primary production (de Haas et al., 2002) . We assume that the corresponding burial of organic nitrogen is even smaller. Under low oxygen conditions, denitrification, which produces molecular nitrogen or N 2 O, is the dominant sink (Middelburg et al., 1996) .
Total nitrogen (TN) inputs into the North Sea via the continental rivers exhibit large interannual variation. For the years 1977 -2000 in 1996 and 76 Gmol N yr À1 in 1981 (Radach and Pa¨tsch, 2007) . This variability was strongly correlated with the precipitation over the drainage areas but was not correlated with the NAOI, which is usually defined as the normalized pressure difference between the Azores and Iceland. Jones et al. (1997) calculated the NAOI by using stations on Gibraltar and southwest of Iceland. They found an extremely strong transition from a high winter NAOI to a very low one: NAOI 94/95 ¼ 3.1, NAOI 95/96 ¼ À2.1 for the years 1995 and 1996. This shift influenced the physical environment of the Northwest European Shelf. According to Dippner (1997) , the mean winter sea surface temperature (SST) in NAOIlow years is generally lower than in years with high NAOI. Indeed, Loewe (1996) observed an extremely low SST in the North Sea during the first-half of the year 1996. In NAOI-high years westerly winter winds dominate, whereas in NAOI-low years winds from easterly directions prevail.
The North Sea system
The North Sea, as part of the Northwest European Continental Shelf, has a large open boundary to the North Atlantic ( Fig. 1 -model area) . Depths greater than 100 m prevail in the north, where seasonal stratification has a strong impact on the biological components. The southern shallow part, south of the Dogger Bank ($551N, 21E), is influenced by continental rivers and the English Channel (EC), which is the other connection to the North Atlantic. These topographical features, together with the tidal system and the wind field, determine the hydrodynamic and biological features of the North Sea (Thomas et al., 2005) .
The mean annual cycle of water transport is determined by these two different geographical regimes. The water masses entering the northern North Sea from the North Atlantic via the northwestern boundaries (NW, see Fig. 1 ) turn eastward in the central North Sea and generally do not influence the southern part. According to Lenhart and Pohlmann (1997) , only about 5% of the North Atlantic water entering via the NW reaches the continental coastal region. The tidally induced transport processes of advection and mixing are more vigorous in the southern, shallow parts than in the northern, deep parts. In winter, the whole North Sea is vertically mixed due to strong winds and surface cooling (Elliott et al., 1991) . The sections Skagerrak (SK), Norwegian Trench (NT), NW, and EC separate the North Sea area from the adjacent seas.
Model setup
The three-dimensional (3D) model ECOHAM (ECOlogical model, HAMburg) consists of two components: the hydrodynamic module Hamburg Shelf Ocean Model-HAMSOM (Backhaus, 1985) , which simulates the 3D advective flow field, the turbulent mixing, temperature, and salinity. Details were described by Backhaus and Hainbucher (1987) , Pohlmann (1996a), and Pohlmann (1996b) . The biogeochemical part of ECOHAM describes the carbon, nitrogen and oxygen cycles. It is based on the one-dimensional (1D) models by Ku¨hn and Radach (1997) and Pa¨tsch et al. (2002) . The latter was applied to the deep North Atlantic. The model includes the pelagic state variables phytoplankton, zooplankton, bacteria, two fractions of detritus (with different sinking velocities), and ARTICLE IN PRESS labile dissolved organic matter, each for the elements carbon and nitrogen, semi-labile organic carbon, calcite, nitrate, ammonium, and dissolved inorganic carbon, total alkalinity and the benthic state variables calcite and particulate organic matter (C and N). The C:N ratio is fixed for phytoplankton (red ¼ 6.625 mol C(mol N) À1 , zooplankton (r z ¼ 5.5) and bacteria (r b ¼ 4.0); the two detritus fractions and dissolved organic matter have freely varying ratios. Calcite and ''large'' detritus have a sinking velocity of 1 m d À1 , ''small'' detritus sinks with a velocity of 0.1 m d À1 . Phytoplankton and zooplankton mortality (including mortality due to grazing by higher predators) and fecal pellet production are the sources for the different detritus fractions; 85% of the detritus produced is directed into the slowly sinking detritus pool, the rest (15%) feeds the faster sinking fraction. Together with the corresponding decay rates (see Appendix A), the sinking velocities mainly determine the ratio between pelagic and benthic remineralization. The chosen values are different from those used for the North Atlantic application of the model , but are identical with the values used by Fennel et al. (2006) in their simulation of the Mid Atlantic Bight (MAB) shelf. A special feature of the model is the possibility of non-Redfield primary production, meaning that the phytoplankton can maintain carbon fixation even when nitrogen is depleted.
Oxygen dynamics, involved in the primary production, in the remineralization processes and in nitrification/ denitrification, were formulated according to Neumann (2000) and Fennel et al. (2006) . The full set of biogeochemical equations is given in Appendix A.
The horizontal resolution on the continental shelf was 0.21 in latitude and 1/31 in longitude, i.e. about 20 km for both directions. The model was set up with 24 vertical layers with increasing thickness towards the bottom; the surface layer had a time-varying thickness (mean Dz ¼ 10 m) due to surface elevation. The underlying layers (10-50 m) were resolved by 5 m steps. Below 50 m, the thickness of the layers increased successively. The circulation model was driven by six-hourly wind stress, air pressure, air temperature, short wave radiation, humidity, and cloudiness derived from the ERA-40 reanalysis data provided by the ECMWF with a spatial resolution of 1.1251 (ECMWF, 2005) .
In shallow areas, phytoplankton growth is light limited due to self-shading and shading by silt. To include the latter effect, daily silt data from Heath et al. (2002) were interpolated to our grid and prescribed at each grid point. For nitrate, the initial and boundary conditions were derived from the World Ocean Atlas 2001 (Conkright et al., 2002) . At the open boundaries, these monthly climatological values were linearly interpolated for each time step. DIC and alkalinity values for the North Sea stem from the CANOBA project 2001/2002 (Thomas et al., 2004) ; for the outer regions alkalinity data from CDIAC (Carbon Dioxide Information Analysis Center: www.cdiac. ornl.gov) were used. Initial DIC data for the North Sea were adapted to the year 1993 by reducing the values observed in 2001/2002 by 8 mmol C kg À1 , assuming an annual increase of 1 mmol C kg À1 yr À1 in the global surface waters (Winn et al., 1998) . For the outer regions in the North Atlantic, DIC values were derived using the T-S-nitrate correlation proposed by Lee et al. (1999) for the eastern North Atlantic; the corresponding T and S data were taken from Conkright et al. (2002) . Because of the lack of sufficient data for all other state variables, reflecting boundary conditions were used; this implies vanishing transport by horizontal mixing across the boundary but allows for advective trans-boundary transport. Possible artifacts due to the latter treatment of most of the tracers were kept outside of our regional focus, the North Sea.
In order to eliminate possible deficiencies due to initial conditions, the model was spun-up by repeating the year 1993 three times; the resulting values for 31 December were taken as initial conditions for the simulation of the years 1994-1996 which were then simulated consecutively. Fig. 2 demonstrates the convergence of the main state variables during the spin-up process for a position in the central North Sea. 
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External sources
Daily river loads of nitrate, ammonium and particulate organic nitrogen (PON) were applied ( Table 1) . The original data comprised nitrate, ammonium and total organic nitrogen (TON). The organic loads were not separated into particulate and dissolved organic nitrogen. Due to the lack of information on the relative composition of TON, we decided to apply the original TON loads as PON input in the model runs. The Scandinavian and British river loads were derived from Heath et al. (2002) representing the year 1990; in most cases only annual estimates were available. These values were used for each of our simulation years. The German, Dutch and Belgian data were compiled by Pa¨tsch and Lenhart (2004) . The underlying freshwater discharges were available as daily values for the largest continental rivers; the corresponding concentration data were collected on a weekly to monthly basis; the authorities which provided the original data are listed in Pa¨tsch and Lenhart (2004) . For most of the regions, the nitrogen loads for 1995 were larger than those for 1996. In total, the loads decreased from 76 Gmol N yr À1 in 1995 to 52 Gmol N yr À1 in 1996. The atmospheric deposition of reduced (NH x ) and oxidized (NO y ) dissolved inorganic nitrogen was a further external source of nitrogen for the simulation. Annual mean deposition data by EMEP (Cooperative program for monitoring and evaluation of the long-range transmissions of air pollutants in Europe) for the European area were available only for the years 1995 and 2000. Assuming strong meteorologically induced differences in deposition values for our simulation period, we decided to use the EMEP data for the year 2000 for all simulation years. For the North Sea area these values were 11.9 Gmol NH x -N yr À1 and 15.1 Gmol NO y -N yr À1 , respectively. The annual rates were interpolated onto the ECOHAM grid and recalculated to daily fluxes of ammonium and nitrate into the upper layer.
The benthic layer
For the application to the North Atlantic, with depths greater than 3000 m, the biogeochemical model was not equipped with a sediment module because the loss of material due to sinking through the bottom layer was very small . For the North Sea application, the situation is different. Davies and Payne (1984) assessed the ratio between benthic remineralization and primary production to be between 20% and 35%, whereas van Beusekom et al. (1999) reported, that 10-20% of the carbon in the German Bight was remineralized in the sediments. Because of this considerable fraction, it was necessary to implement a sediment module. However, in order to keep the run-time for several simulation years within reasonable limits, we used a relatively simple but robust approach that was parameterized by comparison with more complex sediment modules (Ruardij and van Raaphorst, 1995; Luff and Moll, 2004) . In ECOHAM, the sinking material is collected below the deepest pelagic layer by a layer without vertical extension (Moll, 1998) . The benthic remineralization of organic matter is treated in a similar manner as that used by Fennel et al. (2006) , i.e. no accumulation of deposited organic matter takes place. This is achieved by high remineralization rates (see Appendix A). The released dissolved inorganic material is put directly into the lowest pelagic layer. The corresponding oxygen consumption reduces the oxygen concentration in the lowest pelagic layer.
Denitrification
Denitrification has been identified as the dominant sink for biologically reactive nitrogen in oceanic ecosystems (Christensen, 1994) . On the shelf this process, the reduction of nitrate or nitrite to N 2 or N 2 O, mainly takes place in the sediment (Codispoti et al., 2001; Seitzinger and Giblin, 1996) . It is carried out by several groups of bacteria under anaerobic conditions, which occur generally within a few millimeters to some centimeters below the surface of the sediment. The source of nitrate in the sediment is mainly the decomposition of organic nitrogen deposited on the bottom and subsequent nitrification of the released ammonium. Seitzinger and Giblin (1996) Seitzinger and Giblin (1996) of a tight coupling between benthic nitrification and denitrification, in our model, benthic denitrification depends on the benthic oxygen consumption, which is determined by the benthic remineralization of carbon (see Appendix A). For our simulations, we used the ratio estimated by Seitzinger and Giblin (1996) : 0.116 mol N(mol O) À1 . Pelagic denitrification under anoxic conditions is also included in the model, but for the area of the Northwest European Shelf such situations did not occur. Direct benthic denitrification due to reduction of nitrate invading the sediment pore water from overlying layers had to be neglected, because our sediment module does not exhibit a vertical resolution.
Further discussion on benthic denitrification can be found below.
Results
We simulated the nitrogen cycling for the years 1995 and 1996 in an attempt to investigate the impact of very different meteorological forcing on nitrogen fluxes. The hydrodynamic model reproduced the observed interannual variation in SST. Nitrate, chlorophyll and oxygen concentrations were compared with observations. For both years, comprehensive nitrogen budgets were calculated which exhibited large variations in the lateral exchange with the North Atlantic, while the primary production and the benthic denitrification showed less interannual differences even though riverine loadings varied considerably.
Hydrodynamic results
The well-known general circulation pattern within the North Sea was observed in our model results for January 1995: Fig. 3a shows the depth-integrated mean horizontal flow field for this month, given as streamlines. The inflow from the North Atlantic at the northwestern boundary of the North Sea, the anti-clockwise circulation and the strong outflow via the eastern part of the NT are all characteristic features of the water circulation in the North Sea. In January 1996 (Fig. 3b) , this pattern was disturbed. The water entering from the North Atlantic was exported directly into the Norwegian Sea without reaching the central North Sea. More irregular patterns in the central southern North Sea determined the flow field. The water budgets for the different years (Table 2 ) confirm these visually derived differences. In 1995, there was a higher annual net inflow across the northwestern boundary (about 47,000 km 3 ) and a higher outflow through the NT (50,500 km 3 ) compared to 1996 (44,500 and 47,500 km 3 , respectively). Considering the large interannual fluctuations, these numbers correspond reasonably well with the mean transport estimates given by ICES (1983) : inflow across the northwestern boundary of 50,500 km 3 , outflow through the eastern part of the NT of 57,000 km 3 . The simulated inflow through the EC of 2000 and 2300 km 3 for the 2 yrs was lower than the long-term mean of 4500 km 3 (ICES, 1983) . The Baltic Sea inflow came out to 1100 and 500 km 3 , respectively; the mean estimate of ICES (1983) was 500 km 3 . The data given by ICES (1983) were confirmed by the data-based estimates of the northern in/outflow by Turrell et al. (1992) for October 1987. For both winter situations, the strong northeastern jet current along the continental shelf edge could be reproduced by the model.
The different winter meteorology had consequences for the development of the SST in the North Sea during the first-half of the respective years. In April 1995,the simulated SST (Fig. 4a ) was 6-8 1C in the central and southern North Sea. One year later, in April 1996 (Fig. 4b) , the SST in this area ranged from 4 to 6 1C; in the Southern Bight (off the Belgium and the Netherlands coasts) it was 5-6 1C and in the German Bight only 4-5 1C, where the highest interannual differences occurred. The horizontal distribution and the interannual difference of the simulated SST were in good accordance with observations (Loewe, 1996) , as can be seen in Fig. 4c and b. A comparison of temperature profiles along a north-south transect (see positions in Fig. 4a ) will be given in the next chapter together with corresponding biogeochemical tracers. 
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Biogeochemical results
Nitrate concentrations
Winter concentrations of nitrate in the upper layer (0-30 m) are shown in Fig. 5 . The simulated distribution for winter 1995 (Fig. 5a ) was calculated as a 3-month average from December 1994 to February 1995, and the winter values for 1996 ( Fig. 5b) were determined in the same way. For comparison, averaged winter nitrate concentrations from observations in 1984 -1993 were interpolated onto the same frame as the simulation results (Fig. 5c ).
The nitrate concentrations during winter 1995 and 1996 exhibit a similar ''trough''-like pattern: high concentrations in the northern North Sea, clearly influenced by the North Atlantic, low concentrations in the central and southern North Sea and very high values along the continental coast. This basic pattern could also be seen in the observational data ( Fig. 5c ) though regional deviations exist.
Differences in simulated nitrate winter concentrations between 1995 and 1996 are as follows:
High concentrations due to North Atlantic inflow reach further south in 1995; hence the northern edge of the minimum area was pushed southward, mainly due the clear anti-clockwise circulation in this year.
The area with minimum values within the ''trough'' was smaller in 1995.
Near the coast from the Netherlands to north of Denmark a persistent belt of high values was seen in Positive signs indicate net import into the North Sea and negative signs indicate net export. 1995 in contrast to 1996, reflecting the higher riverine nitrogen loads in 1995.
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Fig. 6a-c shows the annual cycle of nitrate concentrations in the upper layer for three selected areas in the North Sea (see Fig. 5c ) for 1995 (black line) and 1996 (gray line). The observed monthly mean values and their standard deviations were derived from Radach and Pa¨tsch (1997) . In some cases, there are gaps because the number of measurements was too low, or other quality criteria could not be fulfilled. The northern area (Fig. 6a) is strongly determined by the North Atlantic: Both simulated and observed data show high winter values (7-9 mmol N m À3 ) and low, but not vanishing, summer values. The observed concentrations increase during summer while the simulated values remain low during the whole summer. The central area, located at the northern edge of the winter minimum zone (Fig. 6b) , shows moderate winter values and almost vanishing summer concentrations, both in the simulations and the observations. The southern area (Fig. 6c) is located in the German Bight (note the different scale of the y-axis). Here, highest simulated values ($18 mmol N m À3 ) were found in April 1995, one month later than in the two northern areas. Minimum values appeared in August/September. This pattern clearly reflects the direct influence of the river Elbe, with its nitrate loads being highest in March/April and lowest in summer (Pa¨tsch and Lenhart, 2004) .
Chlorophyll
Fig. 6d-f shows the simulated chlorophyll concentrations (in mg Chl m À3 ) for the three selected boxes in comparison with monthly mean values and standard deviations obtained from observations for the years 1960 -1994 . The interannual differences in simulated chlorophyll concentrations are smaller than the corresponding nitrate concentrations. In the northern box (Fig. 6d) , the mean concentrations exhibit increased values between mid-April and the end of September. During this time the simulation fits the observed range in April and June; during the other months the model overestimates chlorophyll. In the central box (Fig. 6e) , the simulated values peak in April and remain at ARTICLE IN PRESS about 2 mg Chl m -3 until October. In May, the only datacovered month, the simulation falls into the observed data range. The coverage of observational data is best in the southern box (Fig. 6f) . The corresponding values show a large variability and high mean values from April to September. During this time, the simulated concentrations decrease to the lower range of the observations, whereas in the early months (JFM) the model slightly overpredicts Chl concentrations. Later in the year (OND), the simulation fits the measured data. Overall, the correspondence between temporal and spatial variability of simulated and observed chlorophyll concentrations is satisfying.
Profiles of temperature, nitrate and oxygen
Observational data for nitrate and oxygen for our simulation period 1994-1996 were only available from a few stations in the North Sea. In the case of nitrate (Fig. 7) , the data (Brockmann and Topcu, 2002) lie on a southnorth section (1.51E) for the time period 14 May-5 June 1995; the position of this section is indicated in Fig. 4a (dotted line). We compare the simulated temperatures with corresponding measured temperature values ( Fig. 7a and b) and nitrate concentrations ( Fig. 7c and d) : North of 561N both the simulated and observed near-surface temperature values increase to more than 10 1C; below, the water column gets rapidly colder; indicating strong stratification. North of 591N the stratification gets weaker, and warmer water reaches deeper layers. All of these features can also be seen in the simulations. The nitrate distribution ( Fig. 7c and d) observations. North of 59.71N, the observational data exhibit a decrease at greater water depth, while the simulated nitrate concentrations stay on a high level (10.5 mmol N m À3 ). The second north-south section (2.51E, see Fig. 4a full line) with temperature and oxygen values covers the period from 13 May to 7 June 1994. Simulated near-surface temperatures (Fig. 8a ) are higher than 10 1C from 551N to 58.41N. In the observations (Fig. 8b) , this area is smaller, positioned more southerly and deeper. Around 571N the observed values are below 10 1C. The observed and simulated temperatures in deeper water layers increase from below 6 1C to above 7 1C from 561N northward. The overestimation of near-surface temperatures especially from 571N to 581N results in an underestimation of corresponding oxygen concentrations (Fig. 8c) . The observed deep oxygen maxima (Fig. 8d) could not be reproduced by the model at corresponding positions and with the same strength. Simulated subsurface maxima can be seen in a depth of about 20 m. This corresponds to the depth of the simulated thermocline, which is here too shallow compared with the observations (Fig. 8a and b) . In the model, these oxygen maxima did not correspond with chlorophyll-or production maxima. They were caused by an interplay between mixing and outgassing at the surface. The deep oxygen minimum zone from 58.51N northward is stronger in the simulations (o 280 mmol O 2 m À3 ) than in the observations. Generally, most of the observed patterns can be also detected in the simulations.
Nitrogen budgets
It is important to note that our model-derived budget does not make use of the steady-state assumption. On the contrary, the amount of TN, as well the contents of the different pools (DIN and TON) at the end of a simulation yr differ from the corresponding ones at the beginning of the year, as will be shown below. Additionally, some small volume changes (up to 1%) are possible due to changing sea levels. To guarantee interannual comparability of the export/import fluxes we normalized the results to a constant volume. Thus, the annual difference DN* of a specific nitrogen pool can be divided into the content change due to the difference of the concentration and due to a change of volume:
ARTICLE IN PRESS In the first term in (1) V is the mean North Sea volume and D½N the concentration difference between 31 December and 1 January of the same year. The second term in (1) is the product of the volume difference DV (31 December-1 January) and the annual mean concentration ½N. On the other hand, DN* must be equal to the sum of imports and exports and internal sources:
Ri is the river loading, At the atmospheric deposition, De the benthic denitrification, and Src the gain or loss due to net transfer between inorganic and organic pool/other internal sources/sinks. Src vanishes for TN; for the single pools DIN and TON, however, this transfer must be taken into account. NI* is the simulated lateral net transport across the boundaries into the North Sea as shown in Table 2 . Because the net transport calculated by the model contains also the loss/gain of nitrogen due to the small volume changes, we recalculated the lateral net transport by subtracting that amount:
Correspondingly, the undistorted content change becomes
Of course the approach just described does not exactly solve the budget-problem induced by the free surface elevation since the volume change DV is not necessarily associated with the mean concentration ½N. Fig. 9 gives the annual nitrogen budget obtained from the standard run for the year 1995. The content of TN and also the content of the different pools (DIN and TON) at the beginning of a simulation year differ from the corresponding contents at the end of the year. For TN, this difference (DN ¼ +18 Gmol N yr À1 ) makes up 4.1% of the TN content, for DIN it is 4.3%, and for TON it accounts for 3.6%. This increase of TON does happen, although there is a net transfer from the organic TON pool into the inorganic DIN pool, which we call NNEP according to the carbon-related term ''net ecosystem production'' NEP (NNEP ¼ À50 Gmol N yr À1 ; note: a negative NNEP means a gain for the DIN pool). The largest sink for DIN was due to benthic denitrification. For comparing the results for 1995 and 1996, Table 3 gives the corresponding budget for both years. The mean TN concentration was nearly the same for the years 1995 and 1996 (½N ¼ 10:8 and 10.4 mmol N m À3 , respectively) but the volume differences of À581 and À61 km 3 were quite different. We calculated ''normalized'' net TN exports out of the North Sea for the years 1995 and 1996 of 33 and 13 Gmol N yr À1 , respectively (Table 3 ). The same calculations performed separately for the inorganic and organic fractions of nitrogen indicated a considerable net export of DIN (7 and 40 Gmol N yr À1 ) and a large net import of TON (40 and 53 Gmol N yr À1 ) for both years. This seemingly counterintuitive result is due to topographic differences between the inflow and outflow areas. The outflow of inorganic material mainly took place in the eastern part of the deep NT while the inflow of organic material occurred mainly at the more shallow northwestern sites. This is reflected in the depth profiles of DIN and TON, where concentrations of DIN generally increased with depth, while TON was higher in the upper layer. The vertically resolved annual net transport of TON across the sections NW and NT into the North Sea is shown in Fig. 10a and vertically integrated in Fig. 10b . While the inflow and outflow in the western and eastern parts of the NT are more or less balanced, most of the section NW exhibits net inflow. The vertical line in Fig. 10b indicates the position up to which the integrated TON transports add up to zero (starting from the Norwegian coast). The most western part of the transect (Fig. 10a) is the Pentland Firth, where a topographic threshold induces an acceleration of the near-bottom current velocity and, consequently, an enhanced TON transport. We compared the transport pattern of TON ( Fig. 10) with those of DIN (not shown). The most striking difference between these two patterns is that pronounced DIN transports take place in the deep part of the NT in opposite to the high TON transports, which occur within in the upper 50 m. Additionally, the net import across the western part of the section (Fig. 10) seen for TON could not be found for DIN. These findings for the North Sea are in apparent contradiction to import/ export patterns of TON and DIN between shelves and ocean found elsewhere (Fennel et al., 2006; Chen, 2005) . 1995 1996 1995 1996 1995 1996 Lateral net import (NI)
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NNEP denotes the net amount of nitrogen transferred from the inorganic into the organic pool. DN is the change of content under the assumption of conservation of volume.
-50 This can be resolved by a closer look at the pathway of nitrogen from the deep North Atlantic: Nitrogen is imported by onwelling onto the shelf off the North Sea, subsequently biologically fixed there and imported as TON into the North Sea which is our budgeting area.
We were able to separate and quantify the different sections where significant inflow or outflow was found for DIN and TON both 1995 and 1996 (see Table 2 ). The net transport of TN exhibits the same features as the water budget: higher inflow across the NW as well as higher outflow across the NT for 1995 in comparison to 1996. Across the SK transect there was a net import of DIN and a net export of TON.
Additional terms of the nitrogen budget (Table 3 ) are river inputs (61 and 43 Gmol DIN-N yr À1 , 15 and 9 Gmol TON-N yr À1 for 1995 and 1996, respectively), and the atmospheric deposition based upon EMEP data (27 Gmol N yr À1 for both years). Benthic denitrification amounted to 118 and 119 Gmol N yr À1 for 1995 and 1996, respectively. The nearly equal values seem in contradiction to the lower riverine nitrogen input in 1996. We analyzed the benthic denitrification separately for the northern and southern North Sea and found an increase of 8% in the northern part (59 and 64 Gmol N yr À1 ) and a slight decrease (59 and 55 Gmol N yr À1 ) in the southern area, especially in the German Bight (18.9 and 17 Gmol N yr À1 , respectively). This corresponds to the pattern of nitrogen uptake by phytoplankton. For the southern North Sea, interannual variances in (high) nitrogen loads do not have a large impact on production and mineralization/denitrification because the system is light limited . In the northern North Sea, the availability of inorganic nitrogen in the euphotic zone (i.e. by input from lower layers) controls primary production and mineralization/denitrification. This mechanism is directly coupled to the strength of stratification of the water column. The higher SST in 1995 compared to 1996 induced a stronger stratification in the former year. Indeed, several events of nitrogen input due to vertical mixing occurred during summer 1996 (but not in summer 1995), leading to a higher annual net primary production (ANPP) and, consequently, to a higher denitrification rate in 1996 in the northern North Sea.
As defined above, we denote the biologically mediated net transfer of nitrogen from the inorganic into the organic pool NNEP. For the whole North Sea, the NNEP was about 38% higher in 1996 than in 1995 (Table 3 ). In the southern North Sea (A ¼ 190,765 km 2 ) in both years the NNEP was weakly positive (2 and 3 Gmol N m À2 yr À1 , respectively), i.e. production and decomposition of organic nitrogen were nearly in balance. In this area, the pelagic plus benthic remineralization of nitrogen amounted to 462 Gmol N yr À1 , whereas DIN uptake due to primary production was 465 Gmol N yr À1 in 1995. About 90% of the inorganic nitrogen taken up by phytoplankton was supplied by pelagic remineralization. Proctor et al. (2003) estimated that this ratio was equal to 66% for the German and Southern Bights. In the northern North Sea, production and decomposition of organic material are spatially separated between the upper and lower layers: nearly half of the pelagic remineralization took place in the deeper layers below 30 m. Strong local imbalances between production and remineralization occur when the DIN produced in the deep water is quickly transported away and eventually exported via the NT, as was the case in 1995. In the northern North Sea, the NNEP was negative (À53 and À72 Gmol N yr À1 ) and a large part of this excess amount of DIN (35 and 58 Gmol N yr À1 ) was exported over the northern boundary of the North Sea.
Discussion
Denitrification
The permanent sources-river input, atmospheric deposition in the south, and inflow of nitrate-rich water from the North Atlantic in the north -are prerequisites for the low near-surface winter concentrations of nitrate for the region encompassing 31E, 541N to 61E, 561N (Fig. 5) . The biologically mediated nitrogen sink due to benthic denitrification is the second mechanism shaping this pattern. The annual benthic denitrification exhibits a regional distribution (Fig. 11a) , which mirrors the bottom topography (Fig. 1) . The local maxima near the outlets of the River Rhine and the River Elbe can also be detected in the regional distribution of primary production (Fig. 11b) . In contrast to the deeper northern regions, in the southern North Sea, with depths less than 50 m, the benthic denitrification was relatively large (307 and 286 mmol N m À2 yr À1 ). To test these hypotheses for the ''trough''-shaped pattern, we performed a ''no biology'' run that lacked any biological or chemical processes. In this experiment, the ''trough''-shaped pattern disappeared (Fig. 12) . Thus the characteristic pattern of the winter nitrate concentration is clearly a consequence of biological activity. As the simulated winter nitrate profile shows (Fig. 2a) , the water column of the central North Sea was completely mixed; therefore the phenomenon of the ''trough''-shaped nitrate pattern is not restricted to the surface water of the North Sea. The mean North Sea-wide benthic denitrification rates for the standard run (231 and 232 mmol N m À2 yr À1 for 1995 and 1996, respectively) and the corresponding values for the southern North Sea (307 and 286 mmol N m À2 yr À1 ) were compared with literature values (Table 4 ). The very low values for the whole North Sea (48-66 mmol N m À2 yr À1 ) obtained with the acetylene block method were later corrected to higher values (88-117 mmol N m À2 yr À1 ), after using the isotope pair technique (Lohse et al., 1996) . Hydes et al. (1999) et al. (1999) was based on a comparison of N:P ratios in the marine environment and the river loads for N and P. The authors concluded that the marine imbalance was caused by denitrification. Their rates are considerably lower than our values. On the other hand, van Beusekom et al. (1999) estimated a value of 130-230 mmol N m À2 yr À1 for the German Bight (southeastern bight of the North Sea), the upper value being only slightly lower than our corresponding values for the southern North Sea. Middelburg et al. (1996) compared the benthic denitrification capacity for several shelves and found an average for the global shelves of 318-365 mmol N m À2 yr À1 , the lower estimate being close to our result for the southern North Sea. In combination with a net import of nitrogen from the North Atlantic, Seitzinger and Giblin (1996) also gave an estimate for benthic denitrification in the North Sea (223 mmol N m À2 yr À1 ) that is quite similar to our model results. As discussed in the ''Denitrification'' section, Seitzinger and Giblin (1996) suggested that benthic denitrification is proportional to benthic oxygen consumption (rbd ¼ 0.116 mol N(mol O) À1 ) and to primary production (0.019 mol N(mol C) À1 ). The latter percentage was based on an estimated ANPP of 140 g C m À2 yr À1 , which is at the lower limit of various estimates (Moll (1998) correspond to a molar ratio of 0.013 mol N(mol C) À1 benthic denitrification to ANPP for both years.
Nitrogen budget
Our simulation suggested a net import of TN (33 Gmol N yr À1 ) over the external boundaries of the North Sea for 1995. In a very similar modeling approach, Fennel et al. (2006) also calculated net import of nitrogen (38 Gmol N yr À1 ) to the MAB from the North Atlantic. However, the DIN and TON pools exhibited different patterns. For the North Sea, we calculated a net export of DIN and a net import of TON whereas Fennel et al. (2006) calculated a net import of DIN and a net export of PON for the MAB. This difference in the import/export behavior may be due to several factors:
The topography of both North Atlantic shelf regions is different: The MAB is an open shelf with a long boundary to the North Atlantic and a steep slope near the shelf boundary. The North Sea is a semienclosed shelf with a small southern boundary and a larger northern boundary to the North Atlantic. The inflow areas in the south and in the northwest are shallow; the main outflow takes place through the deep NT.
An important difference between the North Sea and the MAB is that the former is only a part of the shelf. The northern boundary of the North Sea is not identical with the shelf edge, where a strong upwelling of nitraterich water from the deep North Atlantic takes place. The amount of inflow of nitrate-rich water across the northern boundary of the North Sea is reduced due to high primary production on the area between the shelf edge and the inflow region around the Shetland Islands. This highly productive area is also the reason for the large import of TON into the North Sea, which we found in our simulation. Fennel et al. Beusekom et al. (1999) 130-260 Seitzinger and Giblin (1996) 223 164 Middelburg et al. (1996) 318-365 a Isotope pairing method. b Estimates by the authors. c Estimates by Smith et al. (1997) .
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(2006) also found an import of TON from the shelf areas bordering the northern edge of their area of investigation.
The riverine nitrogen loading of the North Sea (76 Gmol N yr À1 ) is much larger than that into the MAB (18 Gmol N yr À1 ). Howarth et al. (1996) estimated that the Northwest-European shelf had the highest TN riverine input of all North Atlantic shelves.
For the North Sea the atmospheric nitrogen deposition is quite high, the annual flux (27 Gmol N yr À1 ) equals 36% of the riverine input. Nixon et al. (1996) estimated the atmospheric deposition of NO y and NH x for the whole northeast coast of the USA to be only 18 Gmol N yr À1 .
Conclusion
The model ECOHAM reproduced the well-known hydrodynamic patterns, including the interannual differences for the North Sea. Nitrate, chlorophyll and oxygen concentrations compared well with observations. This indicates that the relatively simple sediment module was able to reproduce the annual cycle of benthic nitrogen remineralization. The annual benthic denitrification rates calculated by the model fall into the upper part of the wide range of values provided for the region in the literature. Controlled by the topography of the North Sea, benthic denitrification, the main sink for biologically reactive nitrogen, is responsible for the characteristic local minimum of winter nitrate concentrations in the central North Sea.
Benthic denitrification and the effective exchange of water and material with the North Atlantic buffer the high riverine variations of nitrogen loadings into the southern North Sea. For a longer period , Radach and Pa¨tsch (2007) could not find a correlation between the North Atlantic Oscillation Index and the annual nitrogen inputs. According to our study, the sharp decline of riverine nitrogen input from the NAOIhigh year 1995 to the NAOI-low year 1996 did not result in a corresponding decrease of primary production in the North Sea. On the contrary, the nitrogen uptake by phytoplankton slightly increased because of the temperature decrease associated with the lower NAOI and the correspondingly weaker stratification in 1996. This illustrates the sensitivity of shelf systems to climate variations. Further work should focus on longer time scales using different climate scenarios. Such studies for the Northwest European Shelf should, however, include the hydrodynamics and the biogeochemistry of the adjacent Northeast Atlantic.
We conclude from our modeling study that the North Sea is a sink for (total) nitrogen from the adjacent open ocean, the magnitude of which depends on the prevailing circulation system, which is itself controlled by large-scale meteorological oscillations, like the NAO. For the simulated years, we could not find a dependence on the amount of terrigenous nitrate inputs. Therefore, generalizations concerning the role of continental shelves for the global marine nitrogen cycle should be viewed with caution. Moreover, conclusions on the direction of the carbon flux based upon comparison with nitrogen flux in a certain shelf are highly problematic, since the underlying mechanisms controlling fluxes of carbon and nitrogen are quite different. In a forthcoming paper, we will present the carbon budget for the North Sea based upon our model calculations.
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Appendix A
State variables of the biological-chemical submodel, the acronyms used within the equations and their units are shown in Table A1 . The biogeochemical conservation equations of ECOHAM3 are shown in Table A2 . Processes taken into account in the conservation equations are shown in Table A3 . Functions within the process parametrizations are shown in Table A4 . Parameters and their values are shown in Table A5 . Table A2 The biogeochemical conservation equations of ECOHAM3
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State variables Conservation equations
Detritus-N, slowly sinking qd1n qt
Detritus-C, fast sinking qd2c qt
Detritus-N, fast sinking qd2n qt
Detritus calcite, fast sinking qdsc qt
Benthic calcite qbsc qt ¼ dzðk0Þ Á snkðdsc; w dsc Þj z¼H À bsc_dic Á dzðk0Þ k0 : pelagic bottom layer Benthic organic carbon qboc qt ¼ dzðk0Þ Á snkðd1c; w d1 Þj z¼H þ dzðk0Þ Á snkðd2c; w d2 Þj z¼H À boc_dic Á dzðk0Þ
Benthic organic nitrogen qbon qt ¼ dzðk0Þ Á snkðd1n; w d1 Þj z¼H þ dzðk0Þ Á snkðd2n; w d2 Þj z¼H À ðbon_n4n þ bon_n2nÞ Á dzðk0Þ
The equations for the state variables make use of fluxes between state variables; a flux from variable var1 to variable var2 is denoted by the acronym var1_var2. Transport tra(var1) includes advection adv(var1) vertical and horizontal mixing mix v (var1) and mix h (var1). 
Grazing of bacteria by zooplankton-
Fecal pellets production by zooplankton-C: flux into d1c zoc_d1c ¼ r z Á zon_d1n Fecal pellets production by zooplankton-C: flux into d2c zoc_d2c ¼ r z Á zon_d2n Fecal pellets production by zooplankton-N: flux into d1n zon_d1n
Excretion of dissolved organic nitrogen by zooplankton zon_don ¼ h_zon_don :
Excretion of ammonium by zooplankton zon_n4n ¼ h_zon_n4n :
Excretion of dissolved organic carbon by zooplankton zoc_doc ¼ h_zon_don Á r z Uncorrected excretion of dissolved organic nitrogen by zooplankton
Sum of unbalanced carbon fluxes into and out of zooplankton
Sum of unbalanced nitrogen fluxes into and out of zooplankton
Decay of small detritus into dissolved organic carbon d1c_doc ¼ m 4 Á d1c Decay of small detritus into dissolved organic nitrogen d1n_don ¼ m 4 Á d1n Decay of large detritus into dissolved organic carbon d2c_doc ¼ m 5 Á d2c Decay of large detritus into dissolved organic nitrogen d2n_don ¼ m 5 Á d2n Dissolution of calcite 
Oversaturation of the solubility of carbonate and calcium ions dCO
Uptake of dissolved organic carbon by bacteria
Uptake of dissolved organic nitrogen by bacteria
Oxygen consumption during benthic carbon remineralization o2o_sed ¼ uco Á boc_dic Oxygen release during photosynthesis phc_o2o ¼ uno Á ðredn Á 4n_phn þ ðred þ 2Þ Á n3n_phnÞ þ f _dic_phc À f _dic_red Oxygen consumption by zooplankton o2o_zoc ¼ uco Á zoc_dic Oxygen consumption by bacteria o2o_bac ¼ uco Á oswtch Á bac_dic N 2 production due to denitrification in case of oxygen depletion and nitrate existence n3n_nn2 ¼ 1 2 Á ð1 À oswtchÞ Á nswtch Á bac_dic r b
Anoxic H 2 S production o2o_bac ¼ ð1 À oswtchÞ Á ð1 À nswtchÞ Á bac_dic Oxygen consumption due to nitrification o2o_n4n ¼ 2 Á uno Á n4n_n3n Air-sea flux of oxygen air_o2o ¼ K w Á K H Á ðpo 2 ðairÞ À pco 2 ðseaÞÞ K w and K H as defined byWanninkhof (1992) Air-sea flux of CO 2 air_o2c ¼ K w Á K H Á ðpco 2 ðairÞ À pco 2 ðseaÞÞ K w and K H as defined byWanninkhof (1992) Atmospheric deposition of NO x (see Section 3.1) atm_n3n Atmospheric deposition of NH y (see Section 3.1) atm_n4n River loadings of ammonium (see Section 3.1) riv_n4n River loadings of nitrate (see Section 3.1) riv_n3n Sinking of matter X snkðX ; wÞ ¼ w Á qX qz All rate values are valid for 10 1C.
